We report on the first experimental demonstration of the thermal control of coupling strength between a rolled-up microtube and a waveguide on a silicon electronic-photonic integrated circuit. The microtubes are fabricated by selectively releasing a coherently strained GaAs/InGaAs heterostructure bilayer. The fabricated microtubes are then integrated with silicon waveguides using an abruptly tapered fiber probe. By tuning the gap between the microtube and the waveguide using localized heaters, the microtube-waveguide evanescent coupling is effectively controlled. With heating, the extinction ratio of a microtube whispering-gallery mode changes over an 18 dB range, while the resonant wavelength remains approximately unchanged. Utilizing this dynamic thermal tuning effect, we realize coupling modulation of the microtube integrated with the silicon waveguide at 2 kHz with a heater voltage swing of 0-6 V.
Rolled-up microtubes, formed by selectively releasing a coherently strained heterostructure bilayer from the host substrate [1] [2] [3] [4] [5] have recently emerged as promising devices for both active and passive applications on photonic integrated circuits (PICs). With embedded active media such as quantum wells and quantum dots/dashes, microtubes can function as on-chip lasers [6] [7] [8] [9] . Other microtube-based devices, such as photo-transceivers [10] , directional couplers [11] , and add-drop filters [12] have also been recently realized.
Light is confined by total internal reflection and resonates as whispering gallery modes (WGMs) in microtubes [13] . One way to excite the WGMs is to use an adiabatic tapered optical fiber with a waist diameter of ∼1 μm to evanescently couple light into microtubes [12, [14] [15] [16] . Recently, directly integrating microtubes with silicon waveguides, as another approach to excite the WGMs, has been reported [17] . In that experiment, however, the evanescent coupling between microtubes and waveguides depends on individual dimensions of the fabricated microtubes and cannot be precisely controlled. In this work, we demonstrate, for the first time, the thermally controlled coupling of a microtube integrated with a waveguide on a silicon electronic-photonic integrated circuit (Si-EPIC). By implementing heaters on both sides of the waveguide, the coupling gap between the microtube and the waveguide can be thermally tuned, and thus the evanescent coupling can be controlled. Based on the dynamic thermal tuning effect, we have experimentally achieved, for the first time, the optical signal modulation through controlled coupling of the microtube integrated with waveguide on a Si-EPIC.
The microtube fabrication process is illustrated in Fig. 1(a) . First, a 50 nm thick AlAs sacrificial layer is deposited on a GaAs substrate by molecular beam epitaxy. Then a coherently strained GaAs/InGaAs heterostructure bilayer is grown on the sacrificial layer. The bilayer consists of a 20 nm thick In 0.18 Ga 0.82 As layer on the bottom and a 30 nm thick GaAs layer on the top. When selectively etching the sacrificial layer, the bilayer can roll up to release the strain and gradually form a tube-like microcavity, which is referred to as a microtube. Figure 1(b) is a scanning electron microscopy (SEM) image showing a fully rolled-up microtube. Due to a U-shaped mesa predefined on the bilayer by photolithography [18] , the microtube has a thin freestanding center cavity region isolated from the substrate and two thick ends attached to the substrate. Parabolic patterns are also designed on the outer surface of the microtube's freestanding center region [18] . These patterns provide effective optical confinement along the microtube's longitudinal direction, leading to 3D (radial, azimuthal, and longitudinal directions) WGMs in the microtubes [19] .
The fabricated microtubes are transferred from the host substrate onto a Si-EPIC using an abruptly tapered optical fiber probe. The fiber probe is mounted on a computer-controlled six-axis micro-positioning stage, and the detailed transfer process is described in [20] . integrated with a waveguide on a Si-EPIC. The waveguide is fabricated on a standard silicon-on-insulator platform with a 220 nm thick silicon layer on a 2 μm thick buried oxide layer grown on a silicon substrate. The waveguide has a ridge with a width of 500 and 90 nm thick slabs on both sides due to the partial etching process. Two n ++ -n-n ++ doped regions are predefined on both sides of the waveguide with a 30 μm slab separation. The doped regions are parallel-connected to metal contact pads with a size of 100 μm × 100 μm. With electrical injection, the two doped regions can serve as localized heaters simultaneously. As illustrated in Fig. 2(b) , the two thick ends of the microtube land on the heaters, and there exists a vertical gap between the microtube's freestanding center region and the top of the waveguide. When the heaters are turned on, the heater thickness and diameters of the microtube's thick ends increase due to thermal expansion. As a result, the vertical gap between the microtube and waveguide also increases, causing the evanescent coupling between the microtube and waveguide to be controlled by the heating strength.
The optical input and output of the silicon waveguide are compact focusing-curved fiber grating couplers (FGCs) [21] . The FGCs are optimized for transverseelectric (TE) polarized modes. Two cleaved single-mode optical fibers are used to couple light in and out of the waveguide through FGCs with an incident angle of ∼20 deg. The optical signal is launched from a tunable laser into the waveguide and received by an optical power meter. A polarization controller is located after the tunable laser to adjust the direction of the input light polarization. Figure 3 shows the measured transmission spectra of the microtube integrated with waveguide in the wavelength range of 1490-1600 nm. Without heating (blue curve), the major WGMs appear at ∼1498 nm (Mode 1), 1533 nm (Mode 2), and 1571 nm (Mode 3). With heating, the WGM resonant wavelengths stay approximately the same, while the extinction ratios (ERs) vary with different heating strengths. When the heaters are turned on with a voltage of 3 V (black curve), the ERs increase dramatically for all WGMs. When the heater voltage further increases to 6 V (red curve), however, the ERs decrease for all WGMs. The non-notable shift of the resonant wavelengths in Fig. 3 indicates that the position where evanescent coupling occurs between the microtube and waveguide is not affected by heating. Otherwise, the resonant wavelengths would shift to longer wavelengths due to the thermo-optic effect [15] .
To further study the variation trend of the WGM ER versus heating strength, the transmitted powers at three WGMs under different heater voltages are measured. From the measurement results, the ERs of the three WGMs under various heater voltages are calculated and shown in Fig. 4 . It can be observed that the variation of ERs includes two stages: an increasing stage when the heater voltage increases from 0 to 3 V and a decreasing stage when the heater voltage increases from 3 to 6 V. This variation can be explained by the three different evanescent coupling conditions of a microcavity-waveguide system [22] . Without heating, the coupling gap of the microtube-waveguide system is small (50-100 nm), and the system is originally over-coupled in which the ERs of WGMs are low. With medium heating (3 V), the gap gets larger, and the system is nearly critical-coupled in which WGMs have high ERs. With stronger heating (6 V), the gap becomes even larger, and the system is under-coupled in which the ERs of WGMs become low again. Therefore, by thermally tuning the coupling gap, the evanescent coupling condition of the microtubewaveguide system is changed, causing variation of the WGM ERs as shown in Fig. 4 . It is also observed from Fig. 4 that the measured ER of Mode 2 varies over a range of ∼18 dB, which is much larger than the ER variations of Mode 1 and Mode 3. This can be explained by the fact that the mechanisms of mode loss (e.g., scattering loss and absorption loss) are complex and different from mode to mode; therefore the degrees to which individual modes can experimentally approach critical-coupling are also different. To further increase the coupling tuning range into deep under-coupling, a coating layer of polydimethylsiloxane (PDMS) with a large thermal expansion coefficient can be implemented [23] .
Recently, the novel idea of coupling modulation has been proposed [24] . Coupling modulation has advantages over regular phase-shifting modulation because it can overcome the inherent cavity linewidth limitation on bandwidth, and it is free of chirp. Very recently, coupling modulation was experimentally demonstrated in a microring-waveguide system [25] . In that system, the coupling modulation was achieved by implementing a 2 × 2 Mach-Zehnder interferometer to control the coupling coefficient. Similarly, by directly controlling the coupling gap, coupling modulation can be realized in our microtube-waveguide system. As a proof-of-concept demonstration, we set the tunable laser wavelength at Mode 2 (∼1533 nm, see Fig. 3 ) as a probe. Then a 1 kHz input electrical signal with a swing of 0-3 V is applied to the heater. The output optical signal is received by a photodetector and converted to an electrical signal. An oscilloscope was used to capture the electrical signal waveform, and the result normalized to its maximum is shown in Fig. 5 (upper curve) . The received signal follows well with the input signal, indicating the coupling modulation is successfully achieved. When the swing of the 1 kHz input signal is increased to 0-6 V, the frequency of the received signal doubles to 2 kHz, as shown in Fig. 5 (lower curve) . These results agree well with the variation trend of WGM ERs versus heater voltages as shown in Fig. 4 . By tuning the heater voltage from 0 to 6 V, the ERs first increase and then decrease (the microtube-waveguide system switches from overcoupling to nearly critical coupling, and then to undercoupling), allowing the signal to reach the maximum twice in one modulation duty-cycle, leading to the modulation frequency doubling.
In summary, we have experimentally demonstrated the thermally controlled coupling of a rolled-up microtube integrated with a waveguide on a Si-EPIC for the first time. The coupling control is achieved by thermally tuning the coupling gap between the microtube and waveguide, which changes the coupling condition and leads to controllable variation of the ERs of microtube whispering-gallery modes. As a potential application of this thermal coupling control method, coupling modulation has also been demonstrated for the first time in the microtube-waveguide system. 
